Introduction
Thermoelectric materials, which directly convert between thermal and electrical energy, could play a major role in the world's energy management. Their use in waste heat recovery, for example in automobiles, is an attractive and feasible goal for the near future. 1, 2 Most efforts in thermoelectrics research deal with designing materials with increased conversion efficiency in order to allow for an economic use of the resulting thermoelectric systems. The greatest challenge lies in the inter-dependency of the material properties manifested in the expression of the thermoelectric figure of merit, which is directly related to the conversion efficiency. The thermoelectric figure of merit is described as zT = α 2 /(ρκ) × T , where α is the Seebeck coefficient, T is the absolute temperature, ρ is the electrical resistivity and κ is the thermal conductivity. 3 State-of-the-art bulk materials that currently offer the best possible balance between those different factors are Te-based systems (Bi 2 Te 3 , 4 PbTe, 4 LAST, 5 TAGS 6 ), SiGe 7 and the Zintl compounds Yb 14 Mn 1−x Al x Sb 11 8 and Zn 4 Sb 3 . 9 Despite their high zT values of around 1 or even 1.5 in the case of LAST and TAGS, a major issue is the low earth crust abundance and high market price of at least one of their components. Amatya and Ram discuss these economic factors of different elements and particularly point out that the high price of Ge, Sb, Te and Yb containing materials may prohibit their use in any largescale applications. 10 Half-Heusler compounds, such as TiNiSn-based systems, are a promising class of thermoelectric materials with regard to elemental abundance since they con-tain earth-abundant and non-toxic elements, such as Ti and Sn. Although they consist of three (or more) metals, they show semiconducting behavior which allows for reasonable electrical resistivities and relatively high Seebeck coefficients. 11, 12 The drawback is their thermal conductivities, which are typically between 5 Wm −1 K −1 and 10 Wm −1 K −1 , which are higher compared to those of current state-of-the-art materials. 4 Introducing segregated phases or nanostructures which scatter phonons efficiently has become one approach to lower the thermal conductivity without significantly influencing the electron transport within the system. [13] [14] [15] Recent reports show that the lattice thermal conductivity could be reduced drastically (around 50%) by introducing secondary (nanoscale) phases 16 and zT values as high as 0.9 in melt-spun (Hf,Zr)NiSn 17 and 1 in arc-melted (Ti,Zr,Hf)NiSn 18 can be reached, for example. It has to be noted that the decrease in thermal conductivity can be the result of various scattering mechanisms in these systems. They range from alloy scattering due to large differences in atomic mass of the present elements, 19 to point scattering on embedded nanoparticles 16, 20, 21 and grain boundary scattering promoted by nano-and microstructuring. 18 In order to demonstrate the relevance of all of these mechanisms, Biswas et al. combined them in a "panoscopic" approach to scatter heat-carrying phonons across integrated length scales which recently allowed them to fabricate a PbTe-SrTe compound with a reported zT of 2.2 at 915 K. 22 Here, we investigate the possibility to increase zT of one of the most widely studied half-Heusler materials, TiNiSn. Annual production of the key elements due to high crustal abundance is very high, making it an attractive candidate for the large-scale use in thermoelectric devices. Instead of doping the material with heavier (Zr, Hf) or less-abundant and more expensive elements, such as Sb, we study the systematic addition of small amounts of Ni, creating a secondary full-Heusler TiNi 2 Sn phase within the half-Heusler matrix. Previously, our group has demonstrated that spontaneously formed TiNi 2 Sn within a TiNiSn matrix exhibits reduced thermal conductivity and enhanced zT . 23 However, in contrast to utilizing levitation melting, the TiNi 1+x Sn compounds with x = 0, 0.02, 0.04, 0.06, 0.08, 0.1 and 0.15 were prepared by a time-and energy-efficient method involving first the solid state microwave reaction followed by consolidation through Spark Plasma Sintering. The samples are carefully characterized by means of synchrotron powder Xray diffraction and electron microprobe analyses, in addition to measurement of thermoelectric properties.
Experimental
Inspired by recent reports on the microwave syntheses of intermetallic and oxide materials, 24, 25 we have previously demonstrated the use of a commercial microwave to prepare half-Heusler compounds. 26 For the present study, we prepared 7 different TiNi 1+x Sn samples with x = 0, 0.02, 0.04, 0.06, 0.08, 0.1 and 0.15. Briefly, the different metal powders (Ni (99.99%, Sigma Aldrich), Ti (99.7%, Sigma Aldrich), Sn (99.8%, Sigma Aldrich) were weighed out in a nitrogen-filled glovebox and loaded into silica tubes which were then removed from the glovebox and sealed under vacuum. Using granular carbon (Darco 12 mesh to 20 mesh, Sigma Aldrich) as an external susceptor material, the individual silica tubes were reacted in a commercial microwave oven at 100% power for 4 min. A more detailed description of this preparation method can be found in the previous publication. 26 The products were then collected from the silica tube and first roughly crushed with a percussion mortar and then ball-milled with acetone in a WC container for 10 min using a SPEX 8000M Mixer/Mill. After drying in a crystallization dish, approximately 5 g of the fine powders were loaded into a high-density graphite die using graphite foil as a barrier between the powder and the die and consolidated into dense pellets using the Spark Plasma Sintering technique. A pressure of 50 MPa was applied before the temperature was raised to 1273 K with a heating rate of 50 K/min. The samples were pressed at that temperature for 10 min, followed by a 15 min cool down with decreasing pressure. The resulting cylindrical pellets were approximately 20 mm in diameter and 2 mm in thickness allowing all the different characterization techniques to be carried out on the same pellet. They were polished with SiC abrasive paper (different roughnesses) in order to remove the graphite.
Powder X-ray diffraction data were obtained on a Philips X'Pert with CuKα radiation. In addition, a small piece of the pellets was finely crushed and high resolution synchrotron powder diffraction data were collected at beamline 11-BM at the Advanced Photon Source (APS), Argonne National Laboratory using a wavelength of λ = 0.440649Å. Le Bail fits and Rietveld refinements were performed with TOPAS Academic V4.1. 27 Electron Microprobe analyses were conducted using a Cameca SX100 equipped with 5 wavelength dispersive spectrometers (WDS). Probe Image and Probe for EPMA (Probe software Inc.) were used for acquisition of X-ray intensity maps and quantitative data respectively (see SI for analytical conditions). In order to visualize chemical compositional differences within the X-ray map data, individual element X-ray intensity channels were combined
into three channels of a color image to create a false color composite image of X-ray intensity for all elements. For the TEM investigation, lamellae from specific locations of interest were made by focused ion beam (FIB, FEI DB235, Hillsboro, OR). Microstructure and microchemical characterization on the extracted lamellae was performed using a FEI Tecnai G2 Sphera TEM (FEI) equipped with energy dispersive X-ray spectroscopy. Dark-field imaging (DF) and bright field imaging (BF) along with point composition measurements were performed to identify the various phases present along with their orientation relation.
For measurement of the electronic properties barshaped pieces with the approximate dimensions 10 mm×2 mm×2 mm were cut using a low-speed saw (Allied Inc.) with a diamond wafering blade. Seebeck coefficient and electrical resistivity in the temperature region between 300 K and 875 K were measured simultaneously on those samples using a ZEM-3 Ulvac instrument. The electronic transport properties were measured in two consecutive heating and cooling cycles. The data lie almost perfectly on top of each other but a slight decrease in power factor (lower resistivity and absolute Seebeck coefficient) could be observed for some of the samples.
For thermal diffusivity measurements disks, approximately 7.5 mm in diameter and 2 mm in thickness, were cut using wire electrical discharge machining (EDM, BROTHER HS-350) and sprayed with a layer of carbon paint in order to minimize errors in the emissivity. Thermal diffusivity was measured using the thermal flash technique between room temperature and 873 K under argon on an Anter Flashline 5000 system. The thermal conductivity was calculated using κ = DdC p where D is the thermal diffusivity, d is the density and C p is the specific heat, respectively. The Cowan model for diffusivity and the Dulong-Petit molar heat capacity, C p = 3R, were utilized. Densities were obtained on the same pieces using a pycnometer (Micromeritics AccuPyc 1330 Pycnometer) and were found to be ≥99% of the theoretical density. For microstructural investigations the remaining pieces were polished further in order to obtain a smooth surface for additional characterizations. Samples were fixed into an epoxy (Buehler Epomet) by hot compression mounting and polished using the following procedure: The samples were ground using silicon carbide abrasive paper and then polished to 0.25µm using colloidal diamond on cloth.
Field-emission scanning electron microscopy was performed on a FEI XL40 Sirion FEG microscope with an Oxford Inca X-ray system attached for chemical analysis. In addition, a FEI XL30 microscope equipped with a backscattered electron detector (BSE) was used to maximize the contrast between phases with similar atomic composition. After polishing the mounted samples (in epoxy), they were surrounded either with carbon tape or silver paste in order to prevent the sample from charging during imaging. Secondary electron microscopy images were collected with an acceleration voltage of 5 keV. Micrographs obtained in backscattering mode were collected with an accelerating voltage of 15 keV or 20 keV.
Results and discussion

Phase characterization
X-ray powder diffraction data of as-prepared and SPS treated samples are presented in Figure 1 . Note that we collected high-resolution synchrotron XRD data for the consolidated compounds since all other characterization techniques were performed on those samples (Figure 1(b) ). Both data sets include a zoom-in area on the right showing the strongest half-Heusler and full-Heusler peak, respectively.
The most intense peaks found in all of the XRD data of the as-prepared TiNi 1+x Sn samples after microwave treatment match the strongest peaks corresponding to the half-Heusler phase (Figure 1(a) ). All samples contain full-Heusler TiNi 2 Sn as well as Ti 6 Sn 5 and elemental Sn as additional phases. The intensity of the strongest full-Heusler peak seems to increase when comparing the sample with x = 0 to those with x = 0.1 and x = 0.15 which is to be expected due to the increasing amount of excess Ni.
The synchrotron XRD data of the consolidated materials show the presence of half-Heusler TiNiSn (main phase), full-Heusler TiNi 2 Sn and metallic Sn, while the peaks of Ti 6 Sn 5 can no longer be identified clearly. Furthermore, the intensity of the strongest full-Heusler compared to the strongest half-Heusler peak is much lower than what could be observed in the data of the asprepared compounds. For example, samples with x = 0 and x = 0.02 only show very weak full-Heusler peaks which are hardly noticable. Figure 1 (b) also includes an example of a two-phase Rietveld refinement for the sample with x = 0.15. The orange and the dark blue curves show the fits to the halfHeusler and full-Heusler phases, respectively. This sample was chosen because its XRD data exhibit the strongest full-Heusler peak among the studied compounds. Rietveld refinements of the synchrotron XRD data of all consolidated samples were performed (not shown here). The resulting cell parameters for the half-Heusler and the full-Heusler phases as well as the refined fraction of full-
Heusler present in the different compounds are shown in Figure 2 .
Cell parameters of the half-Heusler phase are slightly larger than those reported in the literature 28, 29 and increase with increasing x in TiNi 1+x Sn roughly following the Végard law. A similar trend was found by Hazama et al. who report improved thermoelectric properties as a result of interstitial Ni defects. 30 Cell parameters of the full-Heusler phase are slightly smaller than those reported in the literature. 31 No clear trend can be observed with varying composition which is probably due to the low intensity and broadness of the peaks.
Refined fractions of full-Heusler in the different samples are presented in Figure 2(c) . The percentage of full-Heusler generally increases with increasing x composition as intended in this study. Here, it should be noted that the sample with x = 0.04 is an outlier and has a higher fraction of full-Heusler phase than samples with x = 0.06 and 0.08. Therefore, all thermoelectric data will be discussed as a funcion of full-Heusler fraction rather than as a function of the nominal composition x in TiNi 1+x Sn. Although this anomaly is unexpected, transport properties can be explained by the amount of full-Heusler phase in the different compounds.
Microstructural characterization
Figure 3(a+b) shows an example of the morphology of the compounds after the microwave preparation and after consolidation by SPS for the sample with x = 0.06. During the microwave preparation the metal powders melt and take the geometric form of the quartz tube. The specimens that are collected from the tube show large pores (hundreds of microns) without any predominant morphological features (Figure 3(a) ). Additional images including different magnifications can be found in the Supplementary Information (Figure SI-1) . After densification and polishing of the obtained pellets, the surface is very smooth with some small voids but no major cracks, proving the high density and good quality of the samples (Figure 3(b) ). The image of the pellet's surface was obtained in backscattering mode which makes secondary phases visible through elemental contrast (see lighter areas in Figure 3(b) ).
For a more detailed microstructural analysis, microprobe data were obtained on all of the samples. Here, only those for the best performing samples in terms of their figure of merit (x = 0.02, 0.04, 0.06) are presented (Figure 3(c) ). The remaining images can be found in the Supplementary Information (Figure SI-2) . Individual element X-ray intensity channels were combined into three channels of a color image to create a false color composite image of X-ray intensity for all elements. This allows the visualization of different phases and metal-rich areas. The majority phase of all samples is half-Heusler TiNiSn (dark green in Figures 3(c) ) as is to be expected. The Ni-rich areas corresponding to the full-Heusler TiNi 2 Sn phase are represented in a lighter green and can be found as smaller and larger inclusions (few microns to few tens of microns). Additional phases, such as binary Ni-and Ti-Sn phases and elemental Ti and Sn, can also be identified. Although the microprobe data represent random areas on the pellet's surfaces, an increasing amount of light green full-Heusler phase can be noted when comparing the TiNi 1+x Sn samples with increasing x. Notice again the large amount of full-Heusler in the (anomaly) sample with x = 0.04 which can be identified in the corresponding microprobe image ( Figure SI-2 ).
An electron microscopy investigation was conducted for one of the samples with the highest figures of merit ( Figure 4) . A TEM lamella extracted from TiNi 1.06 Sn was characterized to identify various phases present, their orientation relation and size scales. Energy dispersive X-ray spectroscopy (EDS) was used to identify the different phases and it revealed that the sample is a mixture of multiple phases consisting of half-Heusler TiNiSn, fullHeusler TiNi 2 Sn, a binary phase Ni 3 Sn 4 and unreacted Sn along with TiO 2 . These findings complement the microprobe study which also showed the presence of multiple phases. The grain sizes for the various phases vary from nanometer sized in the case of the TiO 2 particles to a few microns for the full-Heusler and half-Heusler phases. The fH and hH phases do not share any orientation relationship (Figures 4) since the half-Heusler grain is not diffracting when the lamella is oriented according to the full-Heusler diffracting condition and vice versa (grains appear dark in the bright field image).
Electronic transport properties
The electrical resistivity and Seebeck coefficient for all of the different samples are presented in Figure 5 and roomtemperature values are summarized in Table 1 . Moreover, (near) room-temperature (and some maximum) values of all relevant transport data are plotted as a function of full-Heusler fraction in Figure 6 . Resistivity and Seebeck coeffcient were obtained during two heating and cooling cycles and do not change significantly. Therefore, only the properties measured during the first heating segment are discussed here in order to avoid confusion in the plotted data.
All samples show semiconducting behavior, with a decreasing resistivity with increasing temperature. All Seebeck coefficients are relatively large and negative, indi- Table 1 Fraction of fH phase, density (d), room-temperature resistivity (ρ), Seebeck coefficient (α), power factor (PF), figure of merit (zT ) and maximum figure of merit of the different samples. Please note that the sample with x = 0.04 is an anomaly in this series since it contains a larger amount of the full-Heusler phase. cating that electrons are the majority carriers in these samples (n-type). The larger resistivities and absolute values of Seebeck coefficient agree well with the literature. 32, 33 However, the exact numbers highly depend on the preparation and processing techniques and therefore the presence of additional phases as well as the microstructure of the studied materials. 34 Particular attention needs to be paid to the sample with x = 0.04. Since it has a higher fraction of fH phase than samples with x = 0.02, 0.06 and 0.08 it does not follow the same trend. However, all electronic properties can be understood when discussed with the right amount of full-Heusler which still makes it a good example of the overall consistency. Samples with fH fraction above 6% (x = 0.04, 0.1, 0.15) clearly show a "more metallic" behavior. The resistivity curves are flatter and one can even observe a small increase in resistivity at high temperatures for samples with x = 0.1 and 0.15. Similar characteristics can be found in the Seebeck coefficients. All samples, except for x = 0.1 and 0.15, first show an increase in absolute Seebeck coefficient before it decreases again. This is a typical behavior for semiconducting compounds where electron-hole pairs are excited across the energy gap and the opposite contribution to the Seebeck coefficient reduces the absolute Seebeck coefficient. This trend cannot be observed for samples with the highest excess in Ni, x = 0.1 and 0.15, where we find a significant decrease in absolute Seebeck coefficient. The same effect is revealed in the electronic contribution of the thermal conductivity as an increase in κ el for samples with x larger than 6% which will be discussed in more detail in section 3.4.
To further compare the various samples, roomtemperature values are plotted as a function of fullHeusler fraction (Figure 6 ). Room-temperature resistivities and absolute Seebeck coefficients first increase with increasing fH fraction and then decrease again indicating lower carrier concentrations for x = 0.02, 0.06, 0.08 and higher ones for x = 0.04, 0.1, 0.15 ( Figure 6 (a+b) ). This results in a similar trend in the room-temperature power factors (Figure 6 (c) ). Overall, samples with fH fractions of around 5% (x = 0.02, 0.06, 0.08) show the highest power factors (highlighted inside the orange circle in Figure 6 (c+d)) with room-temperature power factor (PF) of around 1 mWm −1 K −2 .
Thermal transport properties
The results of the analysis of the thermal conductivity measurements are presented in Figure 7 and (near) room-temperature values are plotted as a function of fullHeusler fraction in Figure 6 (e-h). Thermal conductivity was calculated from the thermal diffusivity D, the density of the samples d and the Dulong-Petit heat capacity C p using κ = DdC p . Thermal diffusivities were measured during one heating and one cooling cycle and the curves lie almost perfectly on top of each other. Here, only the resulting data obtained during the heating segment are presented to enhance data clarity. Room-temperature values were neglected since they were not physically meaningful.
Thermal conductivity of the initial TiNiSn sample is found to be between 5 Wm −1 K −1 and 6 Wm −1 K −1 which is comparable to numbers reported in the literature. 35, 36 The total thermal conductivity is the sum of electronic, lattice and bipolar contributions and TiNiSn shows a bipolar behavior, which is visible as a decreasing κ followed by an increase above a certain temperature. This can be attributed to excited carriers at high temperatures due to the small bandgap of TiNiSn.
Lorenz numbers were determined from experimental Seebeck coefficients using an SPB model 37, 38 (see Figure  7 (b)) in order to calculate the electronic contribution to the thermal conductivity with κ el = LT /ρ, where L is the Lorenz number, T is the temperature and ρ the electrical resistivity. All Lorenz numbers are significantly lower 1-10 | 5 than the value for the free electron model (2.44 WΩK −2 ) and are comparable to previously published numbers. 26 Within the TiNi 1+x Sn series, the samples with the highest PF (x = 0.02, 0.06, 0.08) show the lowest Lorenz numbers (1.6 WΩK −2 ) around room temperature) whereas the samples with higher fractions of full-Heusler phase exhibit higher values (1.85 WΩK −2 ).
The major contribution to the thermal conductivity is the lattice thermal conductivity (see Figure 7 (c+d)) which also agrees well with previously published results. 26 Naturally, the electronic contribution to the thermal conductivity mirrors the calculated Lorenz numbers where the samples with the highest fraction of fullHeusler phase (x = 0.1, 0.15) exhibit the highest κ el . Values increase with increasing temperature which is in accordance with decreasing resistivity in semiconducting samples. The reason why the initial sample with x = 0 shows a slightly higher κ el may be that this sample contains a higher amount (about 8 mol%) of metallic Sn than the other samples (2-4 mol%) (see Figures 1(b) and SI-2).
However, the lattice thermal conductivity does not seem to be affected by the Sn segregations since the compound with x = 0 has the largest amount of Sn but also the highest κ-κ el among all the samples studied here (Figure 7 This occurrence is reflected in the overall thermal conductivity of the samples. Room-temperature values also decrease monotonically with increasing amount of full-Heusler phase due to the predominant behavior of the lattice contribution (see Figure 6 (e+h) ). Therefore, the compounds with x = 0.1 and 0.15 exhibit the lowest room-temperature thermal conductivities (3.6-3.7 Wm −1 K −1 ) which is a reduction of about 30% compared to the initial TiNiSn sample. At higher temperatures on the other hand, they show higher thermal conductivities than the rest of the half-Heusler/full-Heusler compounds (x = 0.02, 0.04, 0.06, 0.08) due to the larger electronic contribution.
Thermoelectric figure of merit
The figures of merit were calculated from the appropriate fits of the electrical conductivity, Seebeck coefficient and thermal conductivity and are presented in Figure 8 .
Room-temperature zT values of all full-Heusler/halfHeusler compounds are higher (by almost a factor of two) compared to the initial TiNiSn sample which can mainly be attributed to the reduced thermal conductivity in those compounds (see Figure 6 (i) ). The three samples with the highest room-temperature zT of almost 0.1 are the samples with fractions of full-Heusler phase of around 5% (x = 0.02, 0.06, 0.08, see orange circle in Figure 6 (i) ). These are also the best performing samples with the highest maximum figure of merit of almost 0.6 at around 800 K (Figure 6 (j) ) which is an increase of ca. 35% compared to the initial half-Heusler material (zT = 0.35). The other samples show maximum figures of merit which are comparable or only slightly larger than the one of the sample with x = 0. Although those samples also show a reduced thermal conductivity, the reason for that is the combination of lower power factors (more "metallic" samples) and the larger thermal conductivities at high temperatures due to the stronger electronic contribution. In those samples, the effect of phonon scattering which reduces the lattice thermal conductivity does not outdo the negative effect of the "more metallic" nature of the compounds due to the inclusion of the full-Heusler phase.
Conclusion
We have presented a fairly straightforward way to increase the figure of merit of the promising thermoelectric material TiNiSn through inclusion of the secondary TiNi 2 Sn full-Heusler phase. In contrast to other approaches involving doping with heavier elements for example, only a small amount of excess of Ni was introduced in these compounds. The materials were prepared in an energy-and time-efficient way using a commercial microwave oven and a Spark Plasma Sintering apparatus. It has to be noted that the Spark Plasma Sintering step not only consolidates the materials but also plays an active role in the preparation by reducing the amount of additional phases. X-ray diffraction data and microprobe investigations show the presence of an increasing amount of full-Heusler phase within the half-Heusler matrix which can be correlated to the transport properties of the different samples. The total thermal conductivity clearly decreases with increasing x in TiNi 1+x Sn which is a result of the reduced lattice thermal conductivity in the samples with larger amounts of micron-sized full-Heusler inclusions. This result shows that phonons are effectively scattered as a result of the irregular microstructure of the studied samples. The increase in figure of merit of about 
